This paper is the third in a series designed to demonstrate the application of rigorous, systematic hazard identification techniques to ecological systems. Here we use Hierarchical Holographic Modelling to identify the potential ecological hazards associated with the commercial release of herbicide tolerant oilseed rape. Hierarchical Holographic Models decompose complex systems into a series of sub-systems and consider interactions between the components and processes of these sub-systems in order to identify hazards. In this example we considered 1356 potential interactions between the biological, chemical and physical components and processes of the herbicide tolerant oilseed rape environment, and identified 152 potential hazards, grouped into 14 categories. The hazards were subsequently scored for degree of concern and plausibility, and then compared with an equivalent list of hazards generated independently by a checklist approach. The incidence of herbicide tolerant volunteers (and weeds) both on and off the farm had the highest average score of all the ecological hazard categories. The checklist based approach identified or implied 44% of the hazards identified in the Hierarchical Holographic Model, including nine of the ten hazards ranked most important. The checklist approach focussed almost exclusively on the phenotypic and genotypic hazards associated with herbicide tolerant oilseed rape and largely ignored the hazards associated with the circumstances surrounding its use. As a result the checklist identified only 6 out of the 79 potential hazards associated with changes to farming practice. The commercial release of herbicide tolerant oilseed rape will be associated with changes in tillage and the application of post-emergent herbicides. It may also lead to changes in spray schedules of insecticide and fungicide. Many of the environmental hazards identified with these changes are plausible and may warrant further investigation or targeted monitoring.
INTRODUCTION
Hazard identification is arguably the most important component of any risk assessment. Hazards that are not identified in the early stages of a risk assessment may not be carried through the assessment, leading ultimately to underestimates of risk. Hazard identification techniques also play two other important roles within a risk assessment: first they are an effective and appropriate way to involve stakeholders and other interested parties in the risk assessment -indeed the views and opinions of these groups often provide a deeper and richer appreciation of the problem in hand (Stern and Fineberg, 1996) . Second, they can help in the design of statistically valid monitoring strategies by highlighting where and when to look for potential adverse events.
Hazard identification for all new technologies, including Genetically Modified Organisms (GMOs), initially must be inductive. As operating experience grows, and adverse events are recorded, the analysis can also adopt deductive approaches. The most common (deductive) approaches are unstructured brainstorming and checklists. Checklists may be lengthy and well developed (OGTR, 2001; or quite cursory (OECD, 1992) , and are clearly the "status quo" in the majority of risk assessment frameworks for GMOs (Hayes, 2002a ). Checklists do not ask "what can go wrong" with a system, and can lead one to believe that all possibilities have been considered when potentially important interactions or events have been unconsciously ignored.
These concerns are particularly pertinent to ecological systems. Ecological hazards may manifest themselves in natural and agricultural environments, they may move from one to the other, and cut across all levels of biological organisation. Furthermore, ecological hazards can arise through subtle, multi-stage events often involving complex interactions and feedback between physical, biological and chemical components and processes. In these circumstances, systematic inductive hazard identification techniques are more likely to identify potential hazards than deductive techniques that only rely on the operating experience of the analyst and their ability to comprehensively collect their thoughts.
This paper is the third in a series designed to demonstrate the application of inductive hazard identification techniques to ecological systems. The first two papers in this series (Hayes, 2002b; 2002c) focus on fault tree analysis and failure modes and effects analysis. This paper applies a third technique -Hierarchical Holographic Modelling (HHM) -to identify potential ecological hazards associated with the commercial release of Herbicide Tolerant (HT) oilseed rape (OSR), Brassica napus. It does not aim to identify hazards specific to a particular genetic construct. The demonstration does not therefore apply to a particular variety of HT OSR nor identify particular herbicides or release conditions in a particular environment. It does, however, identify the general types of ecological hazards that may be associated with broad acre cropping of HT OSR in Australia. In a real analysis of a GMO intended for release, the identification of hazards would be supported by product-specific and geography-specific information that is not presented here.
This is the first time that inductive hazard identification techniques have been applied in earnest to a GMO. Recently, simple fictitious fault-trees have been mooted (National Research Council, 2002) but the advantages and pitfalls of inductive hazard identification techniques, as applied to complex ecological systems, have yet to be fully explored. The example portrayed here is not polished -it represents the first tentative steps into a demanding but important component of best-practice ecological risk assessment for GMOs.
METHODS
Large complex systems typically consist of multiple, linked sub-systems, nested within a hierarchy, that interact in a non-linear fashion. One of the basic rules of risk analysis is to understand the relationships among the many components and processes of each sub-system and the way they interact with other sub-systems in the hierarchy. The high dimensionality (large number of variables) and complexity (non-linear interactions) of such large systems present daunting hurdles to the risk analyst (Haimes, 1981; 2001) .
HHM captures the complexity of a large system by identifying the biotic and abiotic components and processes of all sub-systems and suggests ways in which they might interact with each other based on established/supportive information. The technique decomposes the system by looking at it from many different perspectives including, for example, the functions, geo-political boundaries or structures of the system. HHM can be used in one of two ways -as a hazard identification tool or as a comprehensive analytical modelling tool. The analyst constructs a HHM by first identifying the most appropriate perspectives for the problem in hand. These are used to define the sub-systems which in turn are further decomposed into components, processes, functions, etc., which may or may not overlap with other sub-systems. The analyst can investigate the quantitative properties of the system if the functions, components or processes of the system can be described by a series of overlapping models, subject to overall system constraints. The analyst(s) can also identify hazards by comparing potential interactions between the sub-systems in a qualitative fashion. This is best achieved by a team of experts familiar with all of the chosen perspectives.
The most difficult part of constructing a HHM is selecting the most appropriate perspectives, system boundaries and level of aggregation or reductionism in the model. Here the focus of study is the analysis of the ecological implications of HT OSR. It deliberately avoids socio-political or economic perspectives, although we did consider how human behavior might generate ecological hazards. We also avoid a specific geographic perspective (such as a particular agricultural region of Australia) because this is simply a demonstration of the technique rather than an actual hazard analysis. The perspectives chosen for this analysis therefore focus on the anthropogenic, biological, chemical and physical components and processes of the environment that define the following sub-systems: biological hierarchy; biological components; biological processes; physical components; physical processes; chemical processes and components; anthropogenic components; and, anthropogenic processes. Together, these sub-systems provide a suitable description of the OSR crop environment. Each sub-system is further partitioned into its constituent parts, as deemed most appropriate by the assessment team. For example, the biological component sub-system lists all organisms that might occur in the HT OSR environment by major biological group, for example micro-organisms, plants, insects, other invertebrates, birds, mammals, reptiles/fish/amphibians and humans. Similarly, a list of biological processes can comprehensively include all known processes such as growth, decay, predation, excretion, etc. (Fig. 1) .
The hazard identification proceeds by examining a system matrix (Fig. 2) . The study team was asked to suggest potential ecological hazards by considering a series of pair-wise interactions between the constituent parts of each sub-system, i.e., within each cell of the matrix. The number of pair-wise interactions (pwi) is given by the number of cells (C) in the matrix and number of interactions (I) within each cell
The number of cells in the matrix is determined by the number of sub-systems or perspectives (p) in the HHM, i.e., the number of columns in Figure 1 ,
whilst the number of interactions depends on the constituent parts (s) of the two sub-systems i and j compared within each cell of the matrix .
In this analysis, the study team was asked to consider 1356 interactions within the HT OSR environment for their potential to cause adverse ecological impacts. The study team comprised an ecologist, soil biologist, agronomist, two entomologists, two weed scientists and a risk analyst. The team met on five occasions (one of which was via video conference), totalling a period of approximately five days, in order to complete the hazard matrix.
Initially, hazards were identified without reference to their likelihood or consequence. Subsequently, each member of the study team was asked to score their degree of concern (high, medium, low) with each hazard and their degree of confidence (from 0.1, 0.2, … to 1) in the plausibility of the hazard. Each team member's score for concern (high = 3, medium = 2 and low = 1) was multiplied with their degree of confidence to provide a final hazard score. We report here the mean and variance of the team's hazard scores. The final hazard score does not represent a formal assessment of risk or uncertainty; it is simply a way to prioritise each of the hazards for further analysis. In particular, some hazards which are probably quite unlikely might have received a disproportionately high hazard score because one team member, perhaps unfamiliar with that particular biological process or group of organisms, over-rated the plausibility or the severity of the consequences. This type of uncertainty is reflected in the variance of the hazard score. During the hazard identification process, some of the pair-wise comparisons did not identify any hazards whilst others elicited several. Furthermore, the same hazard was often identified by more than one pair-wise comparison. Null sets (comparisons that do not identify hazards) are inevitable with such a rigorous and systematic approach -we did not discard any potential interactions prior to the assessment. Duplication (the same hazard identified by more than one comparison) often indicates multiple event chains leading to the same undesired event -in this manner the HHM model adds additional value to the hazard identification process by identifying the different circumstances by which an undesired event might be realized.
RESULTS
The analysis identified a total of 152 potential hazards, 12 potential benefits and 33 event scenarios that may present a benefit or a hazard depending on the specific environmental and agricultural conditions. These 197 events were grouped into 14 broad hazard categories including three that are not (strictly speaking) ecological: these categories being social, criminal and product segregation. Table 1 lists all the potential events identified in the analysis, ranked by hazard score. Approximately 41% of events were identified only once. A further 43% of events were identified between two and four times, whilst two events (1%) were identified over 15 times.
It is important to note that the analysis did not actively seek to identify potential benefits -the ratio of hazards to benefits in this study is not in any way indicative of the cost-benefit ratio which might result from the introduction of HT OSR to any given area. In many instances the potential events identified in this study are not unique to HT OSR and may occur (or even be more significant) in conventional OSR crops. This possibility is not addressed here. However, it is interesting to note that the potential costs and benefits of biotechnology may only be assessed properly by applying a much greater level of scrutiny to conventional agricultural practice (National Research Council, 2002) . The following is a brief account of the 14 broad hazard categories identified in the HHM analysis.
HT volunteers on-farm
The incidence of HT volunteers (and HT weeds) on the farm has the highest average score of all the ecological hazard categories -i.e., the events in this category were ranked as the most plausible or created the most concern amongst the team. This category, however, also has the highest average variance, of all the ecological categories, indicating that the team's scores were far from unanimous. HT volunteers on farm may occur due to seed loss during harvest and via a variety of natural process (e.g., ants and earthworms) that encourage seed burial and re-emergence. HT volunteers could contaminate subsequent crops and may necessitate their destruction. Here we assume that some form of segregation may be necessary to prevent contamination of certified or non-HT OSR seed. Farmers must also invest time and resources to monitor for volunteers and may use more toxic, destructive or labor-intensive weed control strategies to eliminate HT volunteers on the farm and immediate border areas following HT OSR crops. These are events that, subsequent to the HHM analysis, we observed on many HT trial sites in Tasmania.
HT dispersal off-farm
Dispersal of the HT gene beyond the farm (off-site) has the second highest average score and variance of the ecological hazard categories identified here, again indicating substantial disagreement over the team's level of concern and/or plausibility. There are many ways in which the HT gene might disperse beyond the farm, either as HT OSR pollen and seed, or as HT pollen and seed of a weedy relative following gene flow, albeit at very low frequencies (Rieger et al., 2002) . The most significant losses of HT OSR seed will probably occur along seed transport routes (Crawley and Brown, 1995) . Significant losses may also occur around OSR meal processing and/or storage plants. Other important anthropogenic vectors of OSR seed and pollen include: contaminated machinery, especially hired or contract machinery; vehicles; soil movements; stock movements; the clothing and activities of farm personnel; whole plant movements (root ball soil); walkers or flower collectors; theft, legal and illegal seed sales; and, waste disposal of spoilt, low quality or excess HT OSR seed, and seedcleaning residues. Contaminated machinery may carry seed, contaminated soil and even pollen, for example in air filters and inaccessible crevices and ledges. Biological vectors of OSR seed and pollen (in order of likely significance) are insects, birds, mammals, reptiles and amphibians, whilst physical vectors include wind and surface waters. Most pollen is probably dispersed by insects which operate over short ranges (1 km or less), such as honey bees (Ramsay et al., 1999) . However, some potential insect vectors such as noctuid moths are capable of transporting pollen hundreds of kilometres (Gregg, 1993) . Birds and mammals may disperse seed via ingestion/excretion or simply through mud on feet or fouling of plumage and fur, or even twig collections. However, the extent to which OSR seeds remain viable after passing through an animal's gut is largely unknown and undoubtedly differs among taxa. An Australian feeding study recorded small amounts of germinable OSR seed excreted from sheep for up to 5 days after it was last consumed (quoted in OGTR, 2003) . Anecdotal evidence from Canada suggests that OSR seed remained viable and subsequently emerged after being fed to chickens and distributed as chicken manure spread on a field 12 months later (quoted in OGTR, 2002) . The viability of OSR pollen after extended periods of time on insect vectors (other than honey bees) does not appear to have been investigated. Further dispersal of the HT gene, via the same biological vectors, is also possible if the gene is successfully integrated into the genome of a weedy relative via vertical or horizontal gene flow.
The dispersal of the HT gene beyond the farm has been proposed as a potential negative side effect of the unconfined release of HT OSR. OSR is thought to reduce levels of beneficial soil microbes, such as mycorrhiza (Gavito and Miller, 1998) . The extent to which this might impact on off-site plant and soil communities is not known. Conventional OSR, however, is only a significant weed in disturbed habitats, and does not persist in significant numbers in undisturbed natural habitats (OGTR, 2002) , and HT OSR is not thought to differ significantly in this respect (Salisbury, 2000) . Attempts to remove HT volunteers in areas outside of the farm, particularly in recreation or conservation areas, may have physical, biological and chemical knock-on effects such as trampling and introduction of weeds and harmful pathogens by personnel and equipment, and non-target impacts of (the potentially more toxic) herbicides required to eliminate HT varieties.
Biodiversity
Adverse changes to weed spectra were the most frequently identified hazard of HT OSR. The average score and variance were ranked sixth and fifth respectively. Farming practice associated with HT OSR, particularly the expected increase in post-emergent herbicide applications of a chemical with a single mode of action and subsequent selection of herbicide resistant hybrids or volunteers, may increase the resources available to pests of the Brassicaceae whilst at the same time reducing the resources available to beneficial insects and invertebrates. This may cause OSR pest numbers to increase, damaging the crop and/or encouraging farmers to apply higher levels of pesticides and insecticides. Similar effects have recently been claimed for Bt cotton in China (Nanjing Institute of Environmental Sciences, 2002), however, there is no evidence for such changes in insect biodiversity with Bt cotton in Australia except for declines in the abundance of specific parasites of major cotton pests, an effect probably limited to within the crop (Fitt and Wilson, 2002) .
The study team also noted the possibility of a decline in OSR varieties in Australia if a single (or very few) HT OSR variety is widely adopted. This may locally reduce the OSR gene pool and thereby increase susceptibility of the crop as a whole to pathogens such as blackleg (Leptosphaeria maculans). New generations of blackleg resistant HT OSR are being promoted to help avoid this.
Segregation
As noted above, segregation may be required for reasons of seed purity or may be demanded to maintain organic farming certification and/or consumers choice of GMfree products. Segregation has the fourth highest average score, and the third highest variance. Maintaining separate production, transport and processing streams may lead to minor ecological impacts such as pollution of surface waters with cleaning products and disturbance/habitat loss for non-agricultural purposes (through additional building requirements). Segregation may reduce the farmer's ability to move or sell soil or soil related products (e.g., whole plants), transfer machinery between farms or use certain transport routes, and may also require significant quality control resources. Segregation may also necessitate burning of HT OSR stubble. This may reduce soil borne pathogens (a potential benefit) but would modify the composition of soil microbes and fauna, reduce biological functions and may have a minor effect on soil biochemistry. Crop residues, including stubble, are one of the main sources of carbon for soil biota and stubble retention practises increase the populations of soil microflora and fauna, and improve biological functions essential for crop production and soil health (Pankhurst et al., 1997; Roper and Gupta, 1995) . Stubble burning has a negative impact on soil structure and increases soil erosion (Beiderbeck et al., 1980; Donaldson and Marston, 1984) .
Unexpected expression
Unexpected expression of the HT gene (i.e., failure to express, excessive expression, or expression in nontarget parts of the plant) may occur if the plant is stressed by water, temperature, nutrients or insects attracted to damaged plants by kairamones, or simply as a result of pleiotropic uncertainty. Water and temperature stress, for example, are thought to reduce Cry1Ac gene expression in Bt cotton (Daly and Fitt, 2000) . Farmers may attempt to compensate for failures of expression by additional irrigation, or application of extra fertiliser or preemergent herbicide. These changes in farming practice may have knock-on effects for the environment (see below). Expression of the HT gene in the root and root hairs of OSR may modify root exudates, which may have important implications for soil microfauna, fauna and bio-geochemical cycles. This is known to occur in Bt corn (Zea mays) where high concentrations of Bt toxin have been recorded in the rhizosphere soil (Saxena et al., 1999) and in Bt cotton where rhizosphere biota populations are different from that of conventional cotton . To date, however, only minor changes have been recorded in microbial communities in the rhizosphere of HT OSR plants (Gyamfi et al., 2002) . Unexpected expression has a medium average score and average variance (ranked seventh and sixth respectively).
Unexpected selection
Unexpected selection may occur via a series of physical, chemical or biological events. Pesticide and fertilizer drift and/or run-off may select for certain plants or weeds in environments adjacent to OSR crops, GM or otherwise. This may be more significant for HT OSR, however, if this process selects for weedy relatives capable of hybridizing with the GM plant. Similarly irrigation may select for plants that flower and grow at similar times to OSR and thereby increase the potential for, or rate of, out-crossing. Additional post-emergent herbicide sprays associated with HT OSR crops may also select for plants that have naturally high levels of herbicide tolerance. Again this may or may not increase out-crossing rates. The selection of ecotypes that are naturally tolerant to herbicide may also result in losses to the plant gene pool, both locally and regionally. Herbicide resistance in plants and microbes is also likely to develop in response to additional herbicide application or a reduction in the types of herbicides used (see farming practice below). The significance of these hazards, however, needs to be weighed against the negative impacts of alternative strategies for managing weeds that are implemented for conventional OSR. Furthermore, the magnitude and extent of impact of such hazards, if expressed, would be influenced greatly by the extent of use of HT OSR. OSR is also thought to be slightly tolerant of frost (OGTR, 2002) and salt (Steppuhn et al., 2001) , although this is not enhanced in HT varieties (OGTR, 2002; Redmann et al., 1994) . Nonetheless OSR volunteers may have a slight competitive advantage in saline soils, areas subject to frost or sea-spray. OSR is also known to tolerate higher levels of boron, an element which is a problem in salt affected soils in southern Australia. Unexpected selection had a relatively high average score (ranked fifth) but a relatively low variance (ranked ninth).
Unexpected invasion
The overall average score and variance of unexpected invasion is low (ranked eleventh and twelfth respectively). Unexpected invasion is most likely to occur via weedy hybrids or HT volunteers aggregated along fencelines and/or road-sides. These areas are known to harbor weeds and volunteers and are a source of propagules for invasion into fields and adjacent habitats (Pessel et al., 2001) . These propagules would have a competitive advantage in the presence of the subject herbicide, applied directly or via drift into these adjacent environments. Competitive advantage (or disadvantage), leading to unexpected invasion dynamics, may occur in a variety of other ways. Less competitive varieties of OSR may be selected in the laboratory -the so-called laboratory weakling scenario. This would act to reduce invasiveness and therefore is seen as a potential benefit. Alternatively, the gene product may confer a competitive advantage to the HT OSR seed, although this is considered to be relatively unlikely. Experiments to date suggest that there is no significant difference between transgenic HT OSR plants and non-transgenic plants in survival or the number of seeds per plant (Snow et al., 1999) . Other possible, but relatively unlikely scenarios include: HT OSR volunteers exhibiting different flowering patterns in natural areas compared with arable areas, thereby confounding predictions regarding spread or colonisation based on arable characteristics; and, OSR seed or pollen is transported and aggregated beyond the planted field or farm, by hoarding insects or surface water run-off.
Farming practice
The largest source of ecological hazards (identified in this analysis) is associated with potential changes to farming practice that may follow widespread use of HT OSR. Most of these hazards are associated in one way or another with either the way in which HT OSR is grownsuch as closer crop rotations, minimum till and postemergent application of herbicides -or with the farmer's potentially more attentive behavior to a high value/high return crop -such as increasing acreage into marginal or remnant land areas and altered spray strategies for a range of insect pests and weeds. Many of the individual hazards within this category feature prominently in the highest scoring hazards, often with low variance (Tab. 1). Overall, however, the average category score and variance rank ninth and seventh.
Some of the hazards identified in the analysis presume that high value OSR will encourage increased HT OSR acreages in existing agricultural land. Without careful management this would increase the rate of outcrossing to weedy relatives, encourage the development of herbicide resistance, and inhibit or impact on organic farming operations. Herbicide resistance may develop in on-site weeds via selection and in off-site weeds through transgene transfer. Increased herbicide resistance in weeds, on and off-site, is the most important hazard identified in this section. Techniques to manage herbicide resistance (such as ploughing) may also degrade soil and encourage soil erosion.
An increase in acreage of HT OSR into non-agricultural areas may be accompanied by a series of ecological impacts similar to those associated with conventional agriculture, as well as a suite of impacts unique to GM crops. Agriculture (conventional or otherwise) often reduces native habitats and remnant vegetation and causes significant changes to soil biogeochemistry. Fields, fences, roads and tracks may present barriers to migration, fragment the natural landscape, facilitate invasion by introducing weeds, pests and pathogens, and disturb natural communities that otherwise provide biotic resistance to the establishment of non-native species and native weeds (Mack, 1996) . The extent to which these impacts are associated with HT OSR will be difficult to determine because gene technology is only one of many factors (such as market price and demand for OSR oil) that determine the acreage under OSR.
New agricultural activity may place additional demands on surface and ground water for irrigation purposes or threaten these resources through the run-off of herbicides, pesticides and insecticides. Irrigation may attract fauna to bodies of open water in new agricultural areas and thereby increase their potential exposure to agricultural chemicals. However, HT OSR may encourage precision farming techniques that will help to minimize chemical drift and non-point pollution. Increased acreages of HT OSR into new temperate zones may lead to a number of subtle changes in the plants' physiology. Farmers may attempt to compensate for the influence of temperature stress on gene expression by additional irrigation or application of fertilizer. Additional fertilizer may also be applied because of the greater yield potential of OSR or may be needed in subsequent crops because of the potentially adverse effect of OSR on beneficial soil fungi, e.g., mycorrhizae (Thompson et al., 2001 ).
The flowering pattern of HT OSR may vary from one temperate zone to another, leading to an increase (or decrease) in out-crossing rate above and beyond that directly attributable to the increased acreage alone. Furthermore, the rate at which farm chemicals degrade and the sensitivity of fauna and flora to these chemicals may vary among temperate zones, either augmenting or reducing their potential impacts above or below that predicted from existing OSR regions. The movement of OSR crops into new regions also may introduce new pests and pathogens into these areas.
An increase in HT OSR acreage might cause a decrease in pasture acreage, in mixed farming regions, and reduce options for crop rotation. Decreased pasture acreages may reduce non-point pollution of surface waters by animal waste (a potential benefit) but encourage more feed lot production and potential point source pollution. Reduced options for rotation of crops may have positive or negative impacts on soil moisture regimes, chemistry and microbial and soil fauna communities. Some HT OSR crops may cause an increase in disease severity in following crops by affecting plant nutrition and pathogen-plant interactions. For example, evidence from the mid-western USA suggests that use of glyphosate in glyphosate-tolerant soy beans increased the severity of take-all disease in subsequent winter wheat crops (Hickman et al., 2002) .
A variety of ecological effects may occur even if acreages of HT OSR do not increase. Farming practise may change in at least three important ways if HT OSR replaces conventional OSR in existing agricultural regions: increases in minimum tillage and applications of post-emergent herbicide, and changes to spray schedules of insecticide and fungicide.
Minimum tillage tends to favor perennial weeds and may encourage seedling pests such as red legged earth mites and wireworms. Seeds tend to remain on the surface of the soil for longer and may attract birds and rodents (increasing the potential for seed dispersal and exposure to farm chemicals). Minimum tillage in combination with diversification of crops, contributed to a tripling of the frequency of mouse plagues in the graingrowing regions of Victoria and Queensland (Singleton and Brown, 1999) . Minimum tillage may also select for seedling vigor and persistence, thereby increasing invasion potential, and prolong the effect of root exudates on soil microbes, increasing the impact of exudates above that of conventional OSR and beyond that potentially associated with the gene construct. Minimum tillage may increase populations of soil biota (a potential benefit) and modify the functional composition of soil microflora and fauna (Roper and Gupta, 1995) . Additionally minimum tillage may encourage bioaccumulation of pesticides in soil, reduce levels of soil erosion (a potential benefit), and retain soil moisture, causing cooler soils, increase organic matter and change mineralisation rates (the effects of which differ based on soil type and climate).
Post emergent spraying may make HT OSR less competitive (relative to weedy hybrids), and more susceptible to pests and pathogens, because of the stress it places on the plant. For example, glyphosate is known to inhibit the production of phytoalexins that defend against plant pathogens in a number of crops (Termorshuizen and Lotz, 2002) . Post emergent spraying also involves finer sprays and higher spray height than pre-emergent sprays, and may therefore increase levels of herbicide drift although this may be offset by precision farming practises (see above).
Post-emergent application of herbicide and/or increased application of herbicide may lead to a larger biomass of slowly decaying crop residue (root and shoot) material than weed control strategies based on pre-emergent spraying. This may select for certain weeds and fungi, and may also have important implications for microbial diversity and function (such as organic matter turn-over, nutrient mineralisation and disease suppression). For example, a well-known side effect of glyphosate and glufosinate ammonium is the emergence of "herbicide synergists" -opportunistic root pathogens that accelerate the death of herbicide sensitive roots. These synergists may be more aggressive in HT OSR fields because of the increased mass of decaying root material (Termorshuizen and Lotz, 2002) . Soil microbial communities, including beneficial microflora, may also be influenced by additional root exudates that may be proportional to the rate at which herbicide is applied to the crop.
The farmer may change schedules of insecticide and fungicide spray because HT OSR has a higher value than conventional OSR. This may lead to more acute and chronic impacts on leaf litter communities, soil microbes, non-target insects, birds, mammals, reptiles, amphibians, etc., and increase levels of surface water pollution. Finally, there is a variety of potential socio-economic impacts associated with the large-scale adoption of HT OSR such as dependence on limited seed suppliers, reliance on a single crop variety, and implications for bee-keepers. These were not explored in detail in this analysis.
Gene flow
Gene flow is perhaps the most obvious and widely publicized source of hazard associated with HT OSR. This is discussed in detail in numerous other publications (see for example Rieger et al., 1999; 2002; Wilkinson et al., 2000) . Here we simply note that gene flow may occur at a very low rate via insects, wind, soil and gut bacteria, viruses or fungi, and by combinations of these vectors (Snyder et al., 1999) . Gene flow may be augmented in disturbed areas (e.g., road sides) because of increased numbers of weedy relatives and volunteers, and the increased activity of seed/pollen transport vectors (birds, mice, trucks, etc.). Gene flow to other GM plants may lead to "gene stacking" (Orson, 2002) . The assessment team gave a high score to the concern and plausibility of hybridisation via insect pollination, together with a relatively low variance, but the low plausibility and concern of hazards associated with horizontal gene flow (hazards 156, 158 and 160) reduce the overall score of this category (ranked eighth).
Toxicity
Toxicity hazards have a low average score and low variance (ranked twelfth and tenth respectively) because glyphosate and glufosinate ammonium are known not to bioaccumulate, biomagnify or persist in the soil (Snow et al., 1999; Solomon and Thompson, 2003) . Root exudates, biofumigants or the herbicide residues associated with the plant appear to have a minor impact on soil microbe diversity and function (Gyamfi et al., 2002) . This may have (minor) implications for decomposition, organic matter turn-over, biogeochemical cycles (nitrogen, phosphorus, sulphur, etc.), disease suppression and soil structure, depending on soil type and conditions. Root exudates, biofumigants and/or the genetic construct may also influence soil insects and other organisms. Other potential hazards identified here are allelopathy, intoxication of birds, reptiles, mammals, etc., and allergenicity in humans. However, there is no evidence of toxic or allergic effects in any of these groups in the HT OSR strains developed to date (OGTR, 2003) .
Plant physiology
The HT construct may have a number of impacts on the plant's physiology including rate and timing of pollen production, rate of pollen decomposition, static and/or allergic properties, seed viability, dormancy, longevity, maturity period (yield lag) and chromosome mutation rate. It may also alter pod shattering characteristics, seed hardness and dispersal characteristics. All of these effects may or may not increase the plant's invasive potential in agricultural and natural environments. Evidence to date, however, suggests that HT OSR is not significantly different from conventional OSR in any of these traits (OGTR, 2003; Salisbury, 2000) , and consequently the assessment team were unanimous in allocating low scores to the hazards in this category (the average score and variance of this category ranked lowest). The construct may also alter root phenology and biopore development, frost and salt tolerance, and the plant's water use characteristics (e.g., rate of evapotranspiration). Again, however, these hazards were considered to be relatively implausible.
Plant biochemistry
The HT construct may lead to a series of subtle, but potentially significant, changes in the plant's biochemistry. These changes may be caused by the HT gene or its associated genes, for example the non-specific phosphorylation activity of the marker genes (Harding and Harris, 1997) . One of the more significant concerns in this context is the possibility that HT OSR diverts metabolic energy into the GM protein and away from other natural pest resistance processes, thereby increasing its susceptibility to pests. Again, however, the agronomic characteristics and pest potential of HT OSR lie within the normal range of values displayed by conventional OSR (OGTR, 2003; Salisbury, 2000) .
The HT gene also may cause an increase in nitrogen and other nutrient contents of the leaves. It seems unlikely (but possible) that this could influence the survival of immature insects that have co-evolved with lower levels of nitrogen in conventional OSR or increase the nutritional value of the leaves to adult insects. Similarly, the construct may have a small effect on the nitrogen/carbohydrate ratio in the plant's cells, with positive or negative implications for the food chains of insects that feed on OSR (e.g., aphids and their parasites). Finally, the construct may affect the biofumigant properties of the plant and/or its relationship with beneficial fungi (e.g., vesicular-arbuscular mycorrhizae), parasites or insects, and the chemical composition of the plant residues and stubble inputs into the soil. Again, however, the team were generally in agreement in allocating a low score to these hazards (ranked tenth, variance ranked eleventh). Table 1 and Figure 3 compare the hazards identified in this document with those identified by an actual risk assessment of HT OSR using a checklist based approach (OGTR, 2003) . Table 1 lists the hazards that were identified in the HHM, identified in the HHM and the checklist, and implied but not specifically identified in the checklist. Figure 3(d) plots the average plausibility against the average concern for all of the hazards identified in the HHM analysis. Hazards that were not identified in the checklist, implied by the checklist and identified in the checklist are distinguished in Figures 3(a) , 3(b) and 3(c) respectively. The size of the symbols in each case is proportional to the variance of the hazard score.
DISCUSSION
A reasonable correlation between plausibility and concern is evident for those hazards implied by and identified by the checklist (Fig. 3b -Spearman's rho statistic = 0.65; and Fig. 3c -Spearman's rho statistic = 0.76). The hazards identified by the checklist reflect "established knowledge" that the assessment team were well appraised of. In these circumstances it is (perhaps) unsurprising that the assessment team were unable to separate, and independently score, concern and plausibility -concern is bound up with prior knowledge of plausibility gained from the existing literature, giving rise to correlated scores. The same effect, however, is less evident in the hazards that were not identified in the checklist (Fig. 3a -Spearman's rho statistic = 0.57). These hazards reflect new or "speculative knowledge" about which there is much less existing evidence of plausibility, and hence plausibility is less likely to form part of the assessor's concern. Clearly the HHM analysis, like all forms of hazard analysis and risk assessment, is sensitive to the body of existing knowledge, and by logical corollary, would vary as new knowledge emerged. The utility of the HHM analysis lies in identifying which new hazards may warrant further investigation and thereby help generate new information in an efficient manner.
It is also clear from the size of the symbols in the bottom left quadrant of Figure 3(d) that the HHM analysis identified a large number of hazards that the assessors unanimously scored with low plausibility and low concern. This suggests there is some scope for pruning subsequent (more specific) assessments by focussing on the interactions in the HMM matrix that gave rise to higher scored hazards with greater variance.
The variance of the hazard score, and indeed the actual hazards, reflects the make-up of the assessment team. Subsequent assessments may be able to reduce variance and identify other hazards by tailoring the expertise of the assessment team to the interactions (or groups of interactions) assessed in the HHM matrix. For example it is possible that the variances associated with farming practice interactions may have been lower if conventional and/or HT OSR farmers had contributed to the hazard analysis process. It is important to recognize, however, the assessment team used here were expert in the biological, ecological and agronomic characteristics of the OSR environment, and subsequent assessments should, in the first instance, focus on the hazards plotted in the top right quadrant of Figure 3(a) .
CONCLUSION
This paper demonstrates the application of a rigorous hazard identification technique to the potential hazards associated with HT OSR. The importance of this demonstration lies in both the hazards that have been identified and the event chains that may or may not lead to these hazards. This approach emphasises that a hazard is a function of the intrinsic properties of a substance or activity (e.g., the phenotype of GM plants) and the circumstances surrounding this activity. Risk assessment of GM plants must therefore address their transgenic phenotypes and the circumstances surrounding their release.
The HHM analysis helps identify potentially important circumstances by exposing the diversity of mechanism (e.g., different dispersal vectors) and means (e.g., standard farming practice, ecological response and farmer response) by which hazardous events may occur. The HHM analysis identifies a broad suite of ecological hazards. Many of these hazards are relatively obvious and would have been (and indeed were) identified with a checklist or via unstructured brainstorming. Some of the hazards, however, are more subtle and involve quite complex event chains, and for these reasons may not have been suggested without a structured, rigorous hazard identification procedure. In this comparison the checklist identifies or implies 44% of the hazards identified by the HHM analysis (excluding hazards associated with segregation, social and criminal activity because these were not included within the risk assessment), including nine of the hazards ranked as the ten most important by our team (excluding segregation hazards).
The checklist, however, failed to identify a number of quite plausible hazards such as dispersal via disposal of spoilt or low quality seed; the effects of herbicide drift; and the effect of temperature, moisture or insect-induced stress on gene expression. Perhaps more importantly the checklist based approach focussed almost exclusively on the phenotypic and genotypic hazards associated with HT OSR (i.e., the substance) and not the circumstances surrounding its use (i.e., farming practice). As a result the checklist identified only 6 out of the 79 potential hazards associated with changes to farming practice. The environmental hazards associated with increases in minimum till and post-emergent herbicide application, and changes to spray schedules of insecticide and fungicide may warrant further investigation or targeted monitoring, especially in situations where HT OSR is grown more frequently in the same field. Farming practice may be the most important factor controlling the environmental impacts of conventional (Gaugitsch, 2002) and GM agriculture.
The HHM analysis did not distinguish between hazards that are specific to the GM technology and those associated with agriculture more generally. As a result some of the hazards noted here might be more important in conventional systems. In these circumstances, GM technology may offer substantial benefits over current practise. As noted above, however, conventional agricultural practice has not, to date, been subject to the same level of "before the event" scrutiny as biotechnology. Without this information it is difficult to accurately gauge the potential costs or benefits of the new technology.
The main drawback with the HHM analysis is the time required to complete it, and the need to co-ordinate experts that, as in this case, might be drawn from several different institutions. It is often difficult to maintain continuity and consistency in these groups. Redundancy and duplication within the analysis also tends to reduce its efficiency. This analysis can be used to identify possibly redundant (low score, low variance) interactions in any subsequent assessment of HT OSR, but for new assessments it would be difficult to determine a priori where redundancy is likely to occur. The first assessments of a complex new technology must try to explore all possibilities; thereafter more streamlined approaches to hazard analysis, which require less time, can be developed. HHM analysis is a "bottom up" approach that helps to identify new hazards. Thereafter it can be complemented, or even replaced, by "top down" techniques, such as fault tree analysis, that focus on particular endpoints (Hayes, 2002b) .
HHM analysis is not an "objective" process -its heuristic potential and usefulness depends on the expertise of the analyst(s), and in this sense it is no less sensitive to the expertise of the analysts involved than any other hazard analysis or risk assessment technique. HHM analysis helps analyst(s) deconstruct complex systems into their contributing parts, so long as they are sufficiently familiar with the system in question. It requires substantial expert knowledge, and is ultimately limited by knowledge of the people involved in the analysis. It is therefore most useful when conducted by a team of experts who are able to pool their collective expertise. Checklists may be quicker and easier than HHM but otherwise suffer from the same types of problems discussed here and, importantly, provide even less confidence that all possible hazards have been addressed for new technologies. Demonstrably thorough hazard identification is an important pre-cursor to risk assessment and public confidence in risk based environmental management of novel technologies such as GMOs. Extra investment in the early stages of an ecological risk assessment will therefore provide substantial benefits throughout the remainder of the process and help harness the maximum potential benefits from novel technologies such as GMOs. 
